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                \begin{document}$${\mathrm{Z}}$$\end{document}$ boson in association with two jets in proton--proton (pp) collisions is dominated by a mixture of electroweak (EW) and strong processes of order $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {EW}^2\alpha _\mathrm {S}^2$$\end{document}$. For $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{Z}}\rightarrow \ell \ell $$\end{document}$ leptonic decays, such events are referred to as "Drell--Yan (DY) + jets" or $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {DY}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ events.
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                \begin{document}$$\ell \ell \mathrm {jj}$$\end{document}$ production contributing to the same final state is expected at order $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {EW}^4$$\end{document}$, resulting in a comparatively small cross section \[[@CR1]\]. This process is however predicted to have a distinctive signature of two jets of very high energy and large jj invariant mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm {jj}$$\end{document}$, separated by a large rapidity interval that can be occupied by the two charged leptons and where extra gluon emission is suppressed \[[@CR2], [@CR3]\]. We refer to jets produced through the fragmentation of the outgoing quarks in pure EW processes as "tagging jets", and to the process from which they originate as "$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {EW}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ ". Figure [1](#Fig1){ref-type="fig"} shows representative Feynman diagrams for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {EW}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ processes, namely (left) vector boson fusion (VBF), (middle) bremsstrahlung-like, and (right) multiperipheral production. Detailed calculations reveal the presence of a large negative interference between the pure VBF process and the two other categories \[[@CR1], [@CR3]\]. These diagrams represent the signal (S) in the data.Fig. 1Representative Feynman diagrams for dilepton production in association with two jets from purely electroweak contributions: (*left*) vector boson fusion, (*middle*) bremsstrahlung-like, and (*right*) multiperipheral production
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                \begin{document}$$\ell \ell \mathrm {jj}$$\end{document}$ final states, some of the diagrams with same initial- and final-state particles and quantum numbers can interfere, even if they do not involve exclusively EW interactions. Figure [2](#Fig2){ref-type="fig"} (left) shows one example of order $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {S}^2$$\end{document}$ corrections to DY production that have the same initial and final state as those in Fig. [1](#Fig1){ref-type="fig"}. A different order $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {S}^2$$\end{document}$ correction that does not interfere with the EW signal, is shown in Fig. [2](#Fig2){ref-type="fig"} (right).Fig. 2Representative diagrams for order $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {S}^2$$\end{document}$ corrections to DY production that comprise the main background (B) in this study
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                \begin{document}$$\mathrm {EW}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ processes is part of a more general investigation of standard model (SM) vector boson fusion and scattering processes that include the Higgs boson \[[@CR4]--[@CR6]\] and searches for physics beyond the standard model \[[@CR7], [@CR8]\]. When isolated from the backgrounds, the properties of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {EW}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ events can be compared with SM predictions. Probing the jet activity in the selected events in particular can shed light on the selection (or vetoing) of additional parton radiation to the tagging jets \[[@CR9], [@CR10]\].
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                \begin{document}$$\mathrm {EW}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ process was first measured by the CMS experiment using pp collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=7\,\text {TeV}$$\end{document}$ \[[@CR11]\], and more recently by the ATLAS experiment at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8\,\text {TeV}$$\end{document}$ \[[@CR12]\]. Both results have been found to agree with the expectations of the SM. Our present work reflects the measurement at CMS using pp collision data collected at $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$during 2012 that correspond to an integrated luminosity of 19.7$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {fb}^\text {-1}$$\end{document}$. As the signal-to-background ratio for the measurement is small, different methods are used to enhance the signal fraction, to confirm the presence of the signal, and to measure the cross section. Besides the two multivariate analyses, based on the methods developed for the 7$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$ analysis \[[@CR11]\], a new method is presented, using a model of the main background based on real pp collisions. The analysis of the 8$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$ data, offers the opportunity of reducing the uncertainties of the 7$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$ measurements, given the larger integrated luminosity, and to add robustness to the results with the new data-based method.

This paper is organised as follows: Sect. [2](#Sec2){ref-type="sec"} describes the experimental apparatus and Sect. [3](#Sec3){ref-type="sec"} the simulations. Event selection procedures are described in Sect. [4](#Sec4){ref-type="sec"}, and Sect. [5](#Sec5){ref-type="sec"} discusses the selection efficiencies and background models in control regions. Section [6](#Sec9){ref-type="sec"} details the strategies adopted in our analysis to extract the signal from the data, and the corresponding systematic uncertainties are summarised in Sect. [7](#Sec10){ref-type="sec"}. The results obtained are presented in Sect. [8](#Sec14){ref-type="sec"}, and we conclude with a study of jet properties in a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {EW}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$-enriched region in Sect. [9](#Sec15){ref-type="sec"}. Finally, a brief summary of the results is given in Sect. [10](#Sec19){ref-type="sec"}.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\text {\,T}$$\end{document}$. The solenoid volume contains a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Muons are measured in gas-ionisation tracking detectors embedded in the steel flux-return yoke outside the solenoid. Extensive forward calorimetry complements the coverage provided by the barrel and endcap detectors.

The silicon tracker consists of 1440 silicon pixel modules and 15 148 silicon strip detector modules, located in the field of the superconducting solenoid. It measures charged particles within $\documentclass[12pt]{minimal}
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The energy of electrons is measured after combining the information from the ECAL and the tracker, whereas their direction is measured by the tracker. The invariant mass resolution for $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{Z}}\rightarrow \mathrm {e}\mathrm {e}$$\end{document}$ decays is 1.6 % when both electrons are in the ECAL barrel, and 2.6 % when both electrons are in the ECAL endcap \[[@CR13]\]. Matching muons to tracks measured in the silicon tracker yields a $\documentclass[12pt]{minimal}
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Simulation of signal and background events {#Sec3}
==========================================

Signal events are simulated at leading order (LO) using the [MadGraph]{.smallcaps} (v5.1.3.30) Monte Carlo (MC) generator \[[@CR15], [@CR16]\], interfaced to [pythia]{.smallcaps} (v6.4.26) \[[@CR17]\] for parton showering (PS) and hadronisation. The CTEQ6L1 \[[@CR18]\] parton distribution functions (PDF) are used to generate the event, the factorisation ($\documentclass[12pt]{minimal}
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                \begin{document}$$1/2$$\end{document}$, and the second from the uncertainties in the PDFs which has been estimated following the [pdf4lhc]{.smallcaps} prescription \[[@CR18], [@CR21]--[@CR24]\]. The LO signal cross section and kinematic distributions estimated with [MadGraph]{.smallcaps} are found to be in good agreement with the LO predictions of the [vbfnlo]{.smallcaps} generator (v.2.6.3) \[[@CR25]--[@CR27]\].

Background DY events are also generated with [MadGraph]{.smallcaps} using a LO matrix element (ME) calculation that includes up to four partons generated from quantum chromodynamics (QCD) interactions. The ME-PS matching is performed following the ktMLM prescription \[[@CR28], [@CR29]\]. The dilepton DY production for $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\text {th}(\mathrm {DY})=3.504\text {\,nb}$$\end{document}$, as computed at next-to-next-leading order (NNLO) with [fewz]{.smallcaps} \[[@CR30]\].

The evaluation of the interference between $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {EW}^2\alpha _\mathrm {S}^2$$\end{document}$ contributions are generated for this purpose. The differential cross sections are compared and used to estimate the expected interference contributions at the parton level.

Other residual background is expected from events with two leptons of same flavour with accompanying jets in the final state. Production of $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ events is generated with [MadGraph]{.smallcaps}, including up to three extra partons, and normalised to the NNLO with next-to-next-to-leading-logarithmic corrections to an inclusive cross section of 245.8 $\documentclass[12pt]{minimal}
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A detector simulation based on [Geant4]{.smallcaps} (v.9.4p03) \[[@CR41], [@CR42]\] is applied to all the generated signal and background samples. The presence of multiple pp interactions in the same beam crossing (pileup) is incorporated by simulating additional interactions (both in-time and out-of-time with the collision) with a multiplicity that matches the one observed in data. The average number of pileup events is estimated as $\documentclass[12pt]{minimal}
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Reconstruction and selection of events {#Sec4}
======================================

The event selection is optimised to identify dilepton final states with two isolated, high-$\documentclass[12pt]{minimal}
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Electrons are reconstructed from clusters of energy depositions in the ECAL that match tracks extrapolated from the silicon tracker \[[@CR43]\]. Muons are reconstructed by fitting trajectories based on hits in the silicon tracker and in the outer muon system \[[@CR44]\]. Reconstructed electron or muon candidates are required to have $\documentclass[12pt]{minimal}
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Two types of jets are used in the analysis: "jet-plus-track" (JPT) \[[@CR46]\] and particle-flow (PF) \[[@CR14]\] jets. Both cases use the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_{\mathrm {T}}$$\end{document}$ algorithm \[[@CR47], [@CR48]\] with a distance parameter of 0.5 to define jets. The information from the ECAL, HCAL and tracker are used by both algorithms in distinct ways. The JPT algorithm improves the energy response and resolution of calorimeter jets by incorporating additional tracking information. For JPT jets the associated tracks are classified as in-cone or out-of-cone if they point to within or outside the jet cone around the jet axis at the surface of the calorimeter. The momenta of both in-cone and out-of-cone tracks are then added to the energy of the associated calorimeter jet and for in-cone tracks the expected average energy deposition in the calorimeters is subtracted based on the momentum of the track. The direction of the jet axis is also corrected by the algorithm. As a result, the JPT algorithm improves both the energy and the direction of the jet. The PF algorithm \[[@CR49], [@CR50]\] combines the information from all relevant CMS sub-detectors to identify and reconstruct particle candidates in the event: muons, electrons, photons, charged hadrons, and neutral hadrons. The PF jets are constructed by clustering these particle candidates and the jet momentum is defined as the vectorial sum of the momenta of all particle candidates. An area-based correction is applied to both JPT and PF jets, to account for the extra energy that is clustered through in-time pileup \[[@CR51], [@CR52]\]. Jet energy scale (JES) and resolution (JER) for JPT and PF jets are derived from simulation and confirmed with in situ measurements of the $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{Z}}$$\end{document}$/photon+jet events. The simulation is corrected so that it describes the JER from real data. Additional selection criteria are applied to each event to remove spurious jet-like features originating from isolated noise patterns in certain HCAL regions. Jet identification criteria are furthermore applied to remove contributions from jets clustered from pileup events. These criteria are described in more detail in Ref. \[[@CR53]\]. As will be detailed in Sect. [5.1](#Sec6){ref-type="sec"}, the efficiency of these algorithms has been measured in data and it is observed to be compatible with the expectations from simulation across the full pseudorapidity range used in the analysis.

In the preselection of events we require at least two jets with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} >30\,\text {GeV}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${|\eta |\le 4.7}$$\end{document}$. The two jets of highest $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ jets are defined as the tagging jets. For the measurement of the cross section, we require the leading jet to have $\documentclass[12pt]{minimal}
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Control regions for jets and modelling of background {#Sec5}
====================================================

In our analysis, we select control regions for different purposes: to validate the calibrated jet energy response and efficiencies of jet-identification criteria, to estimate the backgrounds and to verify the agreement between data and estimates of background. The following details the result of these cross-checks.Fig. 3Distribution for (*left*) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Rp_{\mathrm {T}} ^\text {hard}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\mathrm {jj}$$\end{document}$ for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \mu $$\end{document}$ events with (*middle*) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Rp_{\mathrm {T}} ^\text {hard}\ge 0.14$$\end{document}$ (control region) and (*right*) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Rp_{\mathrm {T}} ^\text {hard}<0.14$$\end{document}$ (signal region). The contributions from the different background sources and the signal are shown stacked, with data points superimposed. The *panels* below the distributions show the ratio between the data and expectations as well as the uncertainty envelope for the impact of the uncertainty of the JESFig. 4Distribution for (*left*) the difference in the azimuthal angle and (*middle*) difference in the pseudorapidity of the tagging jets for ee events, with $\documentclass[12pt]{minimal}
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Jet identification and response {#Sec6}
-------------------------------
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The jet identification criteria are based on the fractions of the jet energy deposited in different calorimeter elements \[[@CR14]\]. Besides calorimetric noise, pileup events result in additional reconstructed jets. Such pileup jets can be rejected through a multivariate analysis based on the kinematics of the jet, on the topological configuration of its constituents, and on the fraction of tracks in the jet, associated to other reconstructed PVs in the same event \[[@CR53]\]. The efficiency of both jet identification and pileup rejection is measured in the control sample, and determined to be \>$\documentclass[12pt]{minimal}
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The same control sample is also used to verify the jet energy response \[[@CR14]\], which is defined from the ratio $\documentclass[12pt]{minimal}
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Discriminating gluons from quarks {#Sec7}
---------------------------------

Jets in signal events are expected to originate from quarks while for background events it is more probable that jets are initiated by a gluon emitted from a radiative QCD process. A quark--gluon (q/g) discriminant \[[@CR11]\] is evaluated for the two tagging jets with the intent of distinguishing the nature of each jet.

The q/g discriminant exploits differences in the showering and fragmentation of gluons and quarks, making use of the internal jet-composition and structure observables. The jet particle multiplicity and the maximum energy fraction carried by a particle inside the jet are used. In addition the q/g discriminant makes use of the following variables, computed using the weighted $\documentclass[12pt]{minimal}
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The variables are used as an input to a likelihood-ratio discriminant that is trained using the [tmva]{.smallcaps} package \[[@CR56]\] on gluon and quark jets from simulated dijet events. To improve the separation power, all variables are corrected for their pileup contamination using the same estimator for the average energy density from pileup interactions \[[@CR51], [@CR52]\], as previously defined in Sect. [4](#Sec4){ref-type="sec"}. The performance of the q/g discriminant has been evaluated and validated using independent, exclusive samples of $\documentclass[12pt]{minimal}
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Modeling background {#Sec8}
-------------------

Alternative background models are explored for the dominant $\documentclass[12pt]{minimal}
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**Simulation-based prediction for background**

The effect of virtual corrections to the [MadGraph]{.smallcaps}-based (Born-level) description of $\documentclass[12pt]{minimal}
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Figure [4](#Fig4){ref-type="fig"} shows distributions for angle-related variables. Fair agreement is observed for the absolute differences in the azimuthal angle ($\documentclass[12pt]{minimal}
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**Data-based prediction for background**
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The result of the compatibility tests described above have the potential to yield a correction factor to be applied to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {DY}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ prediction from the photon data. However due to the limited statistics in our simulation and due to uncertainties in handling the simulation of residual background from multijet events in data, we have opted to use the simulation-based compatibility test results to assign, instead, an uncertainty in the final shape. We assign the difference in the compatibility tests relative to a pure prompt-photon possibility as one of the systematic uncertainties. The changes observed in the compatibility test, obtained after varying the PDF by its uncertainties synchronously in the two samples is also assigned as a source of uncertainty. In data, the difference between a "tight" and a "loose" photon selections is, furthermore, assigned as an extra source of systematic uncertainty. The selection is tightened by applying stricter requirements on the photon identification and isolation requirements. This prescription is adopted to cover possible effects from the contamination of multijet processes.Fig. 8Distributions for the BDT discriminants in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \mu $$\end{document}$ events, for the control region (*top row*) and signal region (*bottom row*), used by analysis B. The ratio for data to MC simulations is given in the *bottom panel on the left*, showing the impact of changes in JES by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pm $$\end{document}$1 SD. The *bottom panel on the right* shows the difference between data or the expected $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {EW}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ contribution with respect to the background (BG)

The final distributions for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {DY}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ events are obtained after subtracting a residual contamination from pure EW production of a photon in association with two jets ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {EW}\,\gamma \mathrm {jj}$$\end{document}$) \[[@CR57]\]. The diagrams for the latter process are similar to the ones of Fig. [1](#Fig1){ref-type="fig"} (left) and (middle), where the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{Z}}/\gamma ^*$$\end{document}$ is now a real photon. For a fiducial phase space defined by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\mathrm {jj} >120\,\text {GeV}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T j}> 30\,\text {GeV}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta _\mathrm {j} |< 5$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T} \gamma }>50\,\text {GeV}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta _\gamma |<1.5$$\end{document}$, the production cross section of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {EW}\,\gamma \mathrm {jj}$$\end{document}$ process is expected to be 2.72 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {\,pb}$$\end{document}$, based on the [MadGraph]{.smallcaps} generator. After event reconstruction and selection, we estimate the ratio of the number of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {EW}\,\gamma \mathrm {jj}$$\end{document}$ candidate events to the total number of photon events selected in data to be a factor of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\approx $$\end{document}$5 times smaller than the ratio between the expected $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {EW}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {DY}\,{\mathrm{Z}}\mathrm {jj}$$\end{document}$ yields. From simulations this ratio is expected to be independent of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\mathrm {jj} $$\end{document}$. In the subtraction procedure, a 30 % normalisation uncertainty is assigned to this residual process, which corresponds to approximately twice the envelope of variations obtained for the cross section at NLO with [vbfnlo]{.smallcaps}, after tightening the selection criteria and changing the factorisation and renormalisation scales.

The results obtained when the data-based prediction, used to characterise the $\documentclass[12pt]{minimal}
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Signal discriminants and extraction procedure {#Sec9}
=============================================

We use a multivariate analysis technique that provides separation of the $\documentclass[12pt]{minimal}
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Figures [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"} show the distributions of the discriminants for the three analyses. Good agreement is observed overall in both the signal and in the control regions which are defined according to the value of the $\documentclass[12pt]{minimal}
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Each analysis has a binned maximum likelihood formed from the expected rates for each process, as function of the value of the discriminant, which is used to fit simultaneously across the control and signal categories the strength modifiers for the $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec10}
========================

The main systematic uncertainties affecting our measurement are classified into experimental and theoretical sources.

Experimental uncertainties {#Sec11}
--------------------------

The following experimental uncertainties are considered:Luminosity---A 2.6 % uncertainty is assigned to the value of the integrated luminosity \[[@CR59]\].Trigger and selection efficiencies---We assign total 2 and 3 % uncertainties on the total trigger and selection efficiencies in the ee and $\documentclass[12pt]{minimal}
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Theoretical uncertainties {#Sec12}
-------------------------

We have considered the following theoretical uncertainties in the analysis:PDF---The PDF uncertainties are evaluated by considering the [pdf4lhc]{.smallcaps} prescription \[[@CR18], [@CR21]--[@CR24]\], where for each source a new weight is extracted event-by-event and used to generate an alternative signal distribution. The up and down changes relative to the nominal prediction for each independent variable and are added in quadrature to estimate the final uncertainty.Factorisation and renormalisation scales---In contrast to the main background, the two signal process partons originate from electroweak vertices. Changing the QCD factorisation and renormalisation scales is therefore not expected to have a large impact on the final cross section. The renormalisation scale, in particular, is not expected to have any impact at LO. Changing the values of $\documentclass[12pt]{minimal}
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Summary of systematic uncertainties {#Sec13}
-----------------------------------

Table [2](#Tab2){ref-type="table"} summarises the systematic uncertainties described above. We give their magnitudes at the input level, and whether they are treated as normalisation uncertainties or uncertainties in the distributions used to fit the data. The uncertainties are organised according to their experimental or theoretical nature.
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Table [3](#Tab3){ref-type="table"} reports the expected and observed event yields after imposing a minimum value for the discriminators used in methods A and B such that $\documentclass[12pt]{minimal}
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The signal strength is extracted from the fit to the discriminator shapes as discussed in Sect. [6](#Sec9){ref-type="sec"}. Table [5](#Tab5){ref-type="table"} summarises the results obtained for the fits to the signal strengths in each method. The results obtained are compatible among the dilepton channels and different methods, and in agreement with the SM prediction of unity. Methods A and B are dominated by the systematic uncertainty stemming from the modelling of the $\documentclass[12pt]{minimal}
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For the results from method C, the 68 and 95 % confidence levels (CL) obtained for the combined fit of the $\documentclass[12pt]{minimal}
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Study of the hadronic and jet activity in $\documentclass[12pt]{minimal}
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After establishing the signal, we examine the properties of the hadronic activity in the selected events. Radiation patterns and the profile of the charged hadronic activity as a function of several kinematic variables are explored in a region dominated by the main background, $\documentclass[12pt]{minimal}
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Jet radiation patterns {#Sec16}
----------------------
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Study of the charged hadronic activity {#Sec17}
--------------------------------------
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To study the central hadronic activity between the tagging jets, only track jets of low $\documentclass[12pt]{minimal}
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The dependence of the average soft $\documentclass[12pt]{minimal}
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Jet activity studies in a high-purity region {#Sec18}
--------------------------------------------
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The number of extra jets, as well as their scalar $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm {jj}$$\end{document}$ regions. A clear suppression of the emission of a third jet is observed in data, when we take into account the background-only predictions. After subtraction of the background, which is shown as an inset in the different figures, we observe that slightly less extra jets tend to be counted in data with respect to the simulated signal. Notice that in the simulation of the signal, the extra jets have their origin in a parton-shower approach (see Sect. [3](#Sec3){ref-type="sec"}).
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ jet in the event, are shown in Fig. [15](#Fig15){ref-type="fig"}. There are some deviations of the data observed relative to the predictions. In particular, the third jet is observed to be slightly more central than expected. The poor statistical and other uncertainties prevent us, however, from drawing further conclusions.

The above distributions can be used to compute gap fractions. We define a gap fraction as the fraction of events which do not have reconstructed kinematics above a given threshold. The most interesting gap fractions can be computed for the $\documentclass[12pt]{minimal}
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                \begin{document}$$H_{\mathrm {T}} $$\end{document}$ variable. These gap fractions are, in practice, measurements of the efficiency of extra jet veto in VBF-like topologies. By comparing different expectations with the observed data we can quantify how reliable is the modelling of the extra jet activity, in particular in a signal-enriched region. Figure [16](#Fig16){ref-type="fig"} shows the gap fractions expected and observed in data. Two expectations are compared: the one using a full MC approach and the one where the $\documentclass[12pt]{minimal}
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Summary {#Sec19}
=======

The cross section for the purely electroweak production of a Z boson in association with two jets in the $\documentclass[12pt]{minimal}
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Studies of the jet activity in the selected events show generally good agreement with the [MadGraph]{.smallcaps} +[pythia]{.smallcaps} predictions. In events with high signal purity, the additional hadron activity has also been characterised, as well as the gap fractions. Good agreement has been found between data and QCD predictions.
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